This paper describes a micromorphological investigation of an early Holocene loesspaleosol sequence at the Chena Hot Springs Road site, a highway road cut exposure near Fairbanks, Alaska, U.S.A. The procedure identified and described soil microstructure, basic mineral components and their related distributions, organic inclusions, and pedogenic features. Micromorphology confirmed the presence of a number of thin, discontinuous, weakly expressed soils that evince disturbance by diagenetic, graviturbative, and cryoturbative processes. Well-preserved organic remains indicate the presence of a boreal forest that would have acted as a highly effective sediment trap. The frequent observation of detrital iron-oxide grains is consistent with other studies of area loess that reveal high concentrations of magnetite and ilmenite, resulting in significant increases in magnetic susceptibility. Increases in wind strength are likely responsible for the increased clay content in the buried paleosols. Loess deposition, which would inhibit pedogenesis, is probably related to greater wind strength, while pedogenesis, indicative of stability and minimal deposition, suggests periods of reduced wind.
Introduction
The value of loess as a paleoclimate proxy has been documented in many parts of the world (Kukla et al., 1988; Hovan et al., 1989; Maher and Thompson, 1992; Verosub et al., 1993; Xiao et al., 1995; Kemp and Derbyshire, 1998; Liu and Ding, 1998; Kemp, 1999; Muhs and Zá rate, 2001; Bettis et al., 2003; Kemp et al., 2006; Sanborn et al., 2006; Stevens et al., 2007) . Alaskan loess is of particular interest for paleoclimate studies because it is one of the most extensive and best studied highlatitude loess sequences in the world. Holocene loess records as complete and extensive as those contained in Alaskan loess are rare (Péwé, 1975; Begét, 1990 Begét, , 2001 Vlag et al., 1999; McDowell and Edwards, 2001; Muhs et al., , 2008 Lagroix and Banerjee, 2002) . Westgate et al. (1990) suggested that the Alaskan loess record may extend as far back as three million years.
Recent studies document the existence of numerous buried soils within loess deposits across central Alaska and the Canadian Yukon (Hamilton et al., 1988; Begét and Hawkins, 1989; Begét, 1990; Begét et al., 1990; Hamilton and Brigham-Grette, 1991; Vlag et al., 1999; McDowell and Edwards, 2001; Muhs et al., , 2008 Lagroix and Banerjee, 2002; Sanborn et al., 2006) . Their presence indicates periods of relative landscape stability when loess deposition rates were significantly reduced so that pedogenesis could occur Muhs et al., , 2008 .
Morphological and chemical properties of buried soils can provide a wealth of information about past environmental conditions. In addition to being an indicator of landscape stability, paleosols can also be used: (1) to provide information about paleotopography, (2) as stratigraphic markers, and (3) to reconstruct the paleoclimate and the paleovegetation under which they formed (Wright, 1986; Birkeland, 1999; Kemp, 1999; Muhs et al., , 2008 Josephs and Spiess, 2004; Josephs and Rankin, 2008) . This study uses micromorphology-the study of intact, oriented samples of soil and sediment in thin section-to investigate the alternating early Holocene interglacial cycles of loess deposition and pedogenesis evinced at the Chena Hot Springs Road site, a highway road cut exposure approximately 16 km east-northeast of the City of Fairbanks, Alaska, U.S.A. (Fig. 1) . Micromorphology was incorporated into the overall research strategy at the Chena Hot Springs Road site because of its documented success in elucidating paleoenvironmental change from pedosedimentary (microstratigraphic and microstructural) features (Dumanski and St. Arnaud, 1966; Van Vliet-Lanoë, 1985 Bronger and Heinkele, 1989; Fedoroff et al., 1990; Kemp and Derbyshire, 1998; Kemp, 1999; Todisco and Bhiry, 2008) .
Physical Setting and Stratigraphy
The Chena Hot Springs Road site is located within the Tanana River valley and is bordered by the Yukon-Tanana Upland to the north and east and by the Alaska Range to the south (Fig. 1) . The area's predominant bedrock is Precambrian to lower Paleozoic Fairbanks Schist-a highly deformed, strongly jointed, quartz-mica and quartzite schist (Fig. 2) (Robinson et al., 1990) . With the exception of a few small valley glaciers in the Yukon-Tanana Upland, the Fairbanks area was never glaciated (Péwé et al., 1967) . In the Alaska Range to the south, large glaciers are present and were present to a greater extent during the last glacial period (Hamilton, 1994) .
Loess is widespread across central Alaska; however, the exact source of the deposits is uncertain. The most likely sources for Fairbanks-area loess are the local bedrock (the Fairbanks Schist), fluvial deposits of the Yukon River to the north, and fluvial deposits of the Tanana and Nenana rivers to the south (Muhs and Budahn, 2006) . On the higher ridges bordering the Tanana River Arctic, Antarctic, and Alpine Research, Vol. 42, No. 1, 2010, pp. 67-75 valley, the loess is about 30 cm thick; on the lower elevations nearer the river, it can be as much as 60 m thick (Péwé et al., 1966) . The Chena Hot Springs Road site is an upland setting that received direct air-fall loess (Péwé et al., 1966; . Here, the loess is draped over an upland bedrock ridge crest. It is thinnest across the ridge crest and gradually thickens downslope. Loess deposition has been active across central Alaska since before the last interglacial period and has continued into the Holocene .
The Fairbanks silt loam-a coarse-silty, mixed, superactive Typic Haplocryept with an O/E/Bw/C profile-is the mapped soil unit at the Chena Hot Springs Road site (White et al., 2002; Mulligan, 2004) . Soils of the Fairbanks Series are very deep (.150 cm thick), well-drained, strongly acid (surface soil) to neutral (subsoil) soils that exhibit moderate permeability. They typically contain between 2 and 6% organic matter. The parent material is micaceous loess (White et al., 2002; Mulligan, 2004) .
The Fairbanks silt loam occurs on mountain backslopes and south-facing hills with slopes ranging between 12 and 20%. Permafrost is not present on moderately to steeply sloping southfacing hillsides; however, this soil does experience seasonal cryoturbation, which can effectively obliterate soil horizon boundaries and even invert soil horizons (White et al., 2002; Mulligan, 2004; Muhs et al., 2008) . Fairbanks Series' soils typically form under boreal forest dominated by white spruce (Picea glauca), paper birch (Betula papyrifera), and quaking aspen (Populus tremuloides) (White et al., 2002; Mulligan, 2004) .
Buried soils are common in the Fairbanks area (Muhs et al., , 2008 . They indicate periods of landscape stability when loess deposition either temporarily ceased, or decreased sufficiently enough, so that pedogenesis could effectively operate . Muhs et al. (2008) summarized the use of soil color to identify buried soils within Fairbanks area loess-paleosol sequences. They stated that unaltered loess typically has a light brownish gray (2.5Y 6/2), light yellowish brown (2.5Y 6/3), or grayish brown (2.5Y 5/2) color, whereas soil O or A horizons have 10YR or 7.5YR hues and much lower values and chromas. Soil B horizons, where present, also have 10YR or 7.5YR hues with chromas that are much higher than unaltered loess. Organic matter and fine silt and clay content are also generally higher in the paleosols.
Methods
A total of 14 thin sections were prepared from samples collected at the eastern end of a south-facing road cut exposure ( Fig. 3) , along the northerly right-of-way of the Chena Hot Springs Road, using a sampling method outlined in Josephs and Bettis (2003) . A profile map, plotting the locations of the soil horizons, subsurface features, and sample boxes, was compiled in the field by the author and Dr. Arthur Bettis, Department of Geoscience, University of Iowa.
The 14 samples were collected from the buried, early Holocene paleosol, the underlying loess, and across the boundary of an ice wedge cast. The samples were prepared by Spectrum Petrographics, Inc., Vancouver, Washington, U.S.A. They were vacuum-impregnated with a clear, epoxy-based resin, trimmed and bonded to a glass microscope slide measuring 75 3 50 mm, and ground to a final thickness of 30 microns (0.03 mm), rendering them translucent. The resulting thin sections were examined with a Nikon Optiphot-Pol polarizing microscope. The procedure allows identification and description of soil/sediment microstructure, basic mineral components and their related sizes and distributions, organic inclusions, and features resulting from various soilforming processes (pedofeatures). The descriptions follow the terminology of Bullock et al. (1985) and Stoops (2003) (Table 1) 
Results
The 14 micromorphological samples examined in this study date between 10,000 and 8000 14 C yr B.P. . As part of a previous investigation, an Accelerator Mass Spectrometric (AMS) radiocarbon age of 8350 6 40 (WW-3181) was obtained from a piece of charcoal collected 40 cm below the surface at this easternmost end of the road cut exposure (Fig. 3 ) (Muhs et al., 2003: Table 1 [p. 195] and Fig. 12 [p. 1963] ).
Although described as a very deep soil (.150 cm [White et al., 2002; Mulligan, 2004] ), the modern soil developed at the study site is only between 40 and 80 cm thick with an O/E/Bw/C profile. The uppermost, early Holocene paleosol has a highly compacted Ab/ Bwb profile that dips northwest to southeast between roughly 40 and 80 cm below the existing ground surface (Fig. 3) . There is an approximate 3-m-wide gap in the western half of the profile where the buried soil is absent. A section of the missing paleosol is present 20 to 25 cm below this gap. The break appears to result from the downslope (west to east) movement of a gelifluction lobe (Fig. 3) .
MICROSTRUCTURE AND COMPOSITION
The majority of the thin sections display distinct platy microstructure (Fig. 4) , and all are composed of unoriented, well-sorted, angular to subangular, silt-sized quartz and mica, primarily muscovite, in a single-spaced to close porphyric coarse/ fine related distribution pattern (c/f RDP) (Bullock et al., 1985; Stoops, 2003) . The percentage of feldspar minerals is very low, and, of those few observed, plagioclase is the more common variety. Péwé (1955) and Muhs et al. ( , 2008 also identified these as the major minerals in Fairbanks-area loesses. No evidence of carbonate mineralization was observed, which is also consistent with the results of previous geochemical analyses (Muhs et al., , 2008 .
Platy microstructure (banded cryogenic fabric or isoband cryogenic fabric) is common in soils and sediments that experience repeated freeze-thaw cycles (Dumanski and St. Arnaud, 1966; Van Vliet-Lanoë, 1985; Kemp, 1999; Todisco and Bhiry, 2008) . It is formed by ice lensing-a cryogenic process that produces predominantly horizontal, micro-to macroscopic, lens-shaped bodies of ice that grow parallel to the thermal gradient of the soil or sediment (Van Vliet-Lanoë, 1985 . When a soil is subjected to numerous freeze-thaw cycles, erosion and plastic deformation of the groundmass caused by ice lensing results in a ''lenticular'' platy microstructure (Fig. 4) (Van Vliet-Lanoë, 1985; Kemp 1999; Mason et al., 2007; Sanborn et al., 2006; Todisco and Bhiry, 2008) . The platy microstructure is most strongly expressed in those samples that were collected high up in the profile. Some of the deepest recovered samples (e.g., 1, 5, and 13; Figs. 3 and 5) display more of a compact grain microstructure with a platy overprint. This is likely the result of greater compaction that acts to mitigate the cryogenic effects. The micromass displays a stipplespeckled birefringence fabric (b-fabric) produced by randomly oriented fine silt-and clay-sized particles (Bullock et al., 1985; Stoops, 2003) . Previous investigations have identified smectite, Mg-rich chlorite, mica, and kaolinite as the predominant clay minerals in central Alaskan loess .
ORGANIC MATTER
All 14 thin sections contain varying amounts of organic material in the form of plant residues, excrements (fecal pellets), and pedogenically derived organic coatings (organans) and concentrations (Brewer, 1976; Bullock et al., 1985; Stoops, 2003) . The overall state of preservation of the included plant remains in both the loess and paleosol horizons is quite good, and the majority display morphology that is consistent with boreal forest species (Fig. 6) .
The evidence for boreal forest species is important because the amount and type of vegetation present on the landscape is the critical factor favoring loess-trapping efficiency (Tsoar and Pye, 1987; . During the last glacial period, tundra was the dominant vegetation in the Fairbanks area and much of central Alaska. Boreal forests re-entered central Alaska between 8000 and 9000 14 C yr B.P. (Ager, 1983; Ager and Brubaker, 1985) . proposed that the greater dust-trapping efficiency of boreal forests explains increased loess accumulation in the Holocene, because detailed mapping of loess thickness and distribution demonstrates that most loess occurs in areas covered by boreal forest. Tsoar and Pye (1987, p. 147) determined that ''forest is more efficient in trapping dust than steppe or tundra vegetation due to its greater roughness.''
DETRITAL IRON-OXIDE MINERAL GRAINS
Due to their opacity, it proved difficult to distinguish, and accurately quantify, iron-oxide mineral grains (opaques) from isolated pieces of organic matter and organically coated grains. It was determined that the iron-oxide grains could be better distinguished from the organic matter and organically coated mineral grains using reflected light rather than polarized light. In reflected light, the metallic properties of the iron-oxide grains produce a dark-bluish to black tint, whereas the less dense, nonmetallic organic matter and coatings fade to dark browns, dark yellowish browns, and orange browns, often with translucent edges. The surface area of opaque grains is also more accurately represented in reflected light (i.e., the Holmes Effect) (Chayes, 1956) . Iron-oxide grains were identified in all 14 thin sections (Fig. 7) .
Problems associated with the identification of the iron-oxide grains precluded an accurate quantitative assessment of their concentrations with respect to the unaltered loess and the paleosols. Previous geochemical analyses found an unusually high bulk Fe 2 O 3 content in central Alaskan loess . Magnetite (Fe 3 O 4 ) and ilmenite (FeTiO 3 ) have been identified as the primary opaque minerals in upland loess within the Fairbanks area (Péwé, 1955) . Loess deposits within central Alaskan loess-paleosol sequences exhibit greater magnetic susceptibility relative to the buried paleosols, indicating stronger wind conditions capable of transporting heavier, more magnetic (iron-bearing) particles during periods of loess accumulation ). 
CLAY DEPOSITS
Non-pedogenic deposits of clay are present within the loesspaleosol sequence at the Chena Hot Springs Road site and were previously documented at other nearby sites (Péwé, 1975; Rieger et al., 1963) . These deposits occur in the form of thin clay beds and lenses (Fig. 8) . They are distinguishable microscopically by their higher birefringence and fine subangular blocky structure. Subangular blocky microstructure can also form in cryoturbated soils and sediments. Unlike the formation of platy microstructure, subangular blocky microstructures in boreal environments are commonly formed by reticulate ice veins because the fine-grained sediments inhibit soil-water movement (Van Vliet-Lanoë, 1998; Todisco and Bhiry, 2008) . Geochemical and grain-size analyses of central Alaskan loess have shown that clay content is greater in the buried soils (6-13%) than in the surrounding loess. Also, the clay content is positively correlated with the fine silt content. Fine silt-sized particles are not known to be pedogenically produced in large quantities; therefore, relatively high amounts of both clay and fine silt within the paleosols, as compared to the unaltered loess, suggest that the clay is sedimentologic rather than pedogenic . In addition, the absence of argillic (Bt) horizons in the profile, combined with little micromorphologic evidence for the illuvial transport and accumulation of clay, supports a non-pedogenic origin for the clay. Kemp (1999) and Mason et al. (2007) have previously described depositional clay crusts or lenses as rainsplash-or slopewash-related features produced by local reworking of the loess.
ICE WEDGE CAST
Sample 8 (Figs. 3 and 9 ) was collected across the lower boundary of an ice wedge cast. The sediments inside the cast (side A, Fig. 9 ) display a compact grain microstructure with a close porphyric c/f RDP (Bullock et al., 1985; Stoops, 2003) . There is also much less void space in the cast fill than in the surrounding loess into which it intruded. The adjacent loess (side B, Fig. 9 ) has a compact grain structure with a diagonal (petrographic NW-SE) platy overprint and frequent (15-30%) void space, primarily vughs and channels (Bullock et al., 1985; Stoops, 2003) . It also contains a much higher concentration of organic matter than the cast fill.
Discussion
Field and laboratory data from this and previous investigations of loess-paleosol sequences in central Alaska demonstrate that buried paleosols are a significant and paleoclimatically informative component of the loess stratigraphic record. Specifically, the paleosols indicate that loess deposition was not continuous and, at times, was sufficiently reduced so that pedogenesis could effectively operate. The depositional regimes for Alaskan and Chinese loess-paleosol sequences are considered to be quite similar in that loess deposition and pedogenesis are essentially competing processes that operate during both glacial and interglacial periods Verosub et al., 1993; Kemp and Derbyshire, 1998; Kemp, 1999) .
In addition to the Chena Hot Springs Road site, Holocene loess deposition is also recorded at the Delta Junction site, approximately 130 km southeast of Fairbanks . These findings confirm previously published reports of Holocene loess deposition across central Alaska (Péwé, 1975; Hamilton et al., 1983; Begét, 1990) when both loess production and accumulation rates appear to be high . The presence of at least two paleosols at Delta Junction, from a section that dates to ca. 3000 14 C yr B.P., evinces three episodes of loess deposition interspersed with periods of pedogenesis . The accumulation of Holocene loess in central Alaska appears to be directly related to the sediment trapping ability of boreal (coniferous) vegetation, particularly spruce forests, that arrived in central Alaska between 8000 and 9000 14 C yr B.P. (Ager and Brubaker, 1985; Tsoar and Pye, 1987; . When spruce-dominated boreal forest re-entered Alaska at the close of the last glacial period, loess accumulation rates increased dramatically. Loess deposition persists throughout central Alaska .
Summary and Conclusions
Micromorphology confirmed the presence of discontinuous, weakly expressed, buried paleosols within the loess deposits at the Chena Hot Springs Road site. The soils and sediments examined in this study are early Holocene in age. Compositionally, the loess and paleosols are dominated by silt-sized quartz grains with lesser amounts of mica (muscovite variety) and feldspar (predominantly plagioclase variety). Both materials contain significant amounts of organic matter in various stages of decomposition. They exhibit microstructures that are common to soils and sediments that undergo repeated expansion and contraction, in this case from cryoturbative processes. The results of this study yielded the following conclusions:
(1) boreal plant remains observed in all 14 thin sections support the hypothesis that Holocene loess accumulation was favored following the replacement of tundra by boreal forest; (2) petrography confirmed the bulk mineralogy and absence of carbonates previously documented in Fairbanks-area loesses; (3) the identification of detrital iron-oxide grains in all 14 thin sections is consistent with other studies of area loess that reveal high concentrations of magnetite and ilmenite, resulting in significant increases in magnetic susceptibility; (4) the higher clay content observed in the buried paleosols likely results from deposition during intervals of increased wind strength; and (5) loess deposition, which would inhibit pedogenesis, is probably related to greater wind strength, while pedogenesis, indicative of stability and minimal deposition, suggests periods of reduced wind.
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